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Abstract – The thermal management of an Axial Flux 
Permanent Magnet (AFPM) machine is essential because it 
determines the machine’s continuous power output and 
reliability. In this paper, a secondary cooling method is proposed 
using rotor cooling which allows better thermal management on 
the permanent magnets that are attached to the rotor. This will 
reduce the potential of the machine failing due to magnet 
demagnetization and degradation. Thermal analysis via Lumped 
Parameter (LM) networks is usually sufficient in predicting the 
motor’s thermal behaviour. However, the accuracy of the 
prediction can be increased especially for devices with complex 
flow regions by Computational Fluid Dynamics (CFD). In this 
study, the fan blade was attached to the rotor of a Yokeless and 
Segmented Armature (YASA) machine for flow validation and 
then three different fan blade designs from other engineering 
applications were tested. The evaluation includes the flow 
characteristic, power requirement and thermal characteristic for 
the AFPM’s rotor cooling applications. Additionally, the Rotor 
Cooling Performance Index (RCPI) is introduced to assess each 
fan design performance. 
 
Index Terms—Axial flux, Permanent magnet machines, Fluid 
dynamics, Rotors, Cooling, Fluid flow, Thermal analysis, CFD, 
SAT, Yokeless and segmented armature machine.  
I.   INTRODUCTION 
ASED on legislation constraints, the Directive 
2009/28/EC of 23 April 2009 [1] and the Commission 
Regulation 640/2009/EC of 22 July 2009 [2], a new 
development of electric machine topology with better 
efficiency and high power density is needed in relation to the 
eco-design guideline. To meet this requirement, an Axial Flux 
Permanent Magnet (AFPM) machine is well suited for 
transport and traction applications. This is due to its high 
power, high torque density and short axial length [3]–[5]. The 
advancement of AFPM topology was continued by the 
Segmented Armature Torus (SAT) topology; also known as 
the Yokeless and Segmented Armature (YASA) which 
improved the torque density and efficiency over conventional 
AFPM machines. Derived from dual-rotor single-stator 
AFPM torus topology, the YASA machine combines NS and 
NN Torus-S topologies [6], resulting in an AFPM that is 
lightweight and compact in its class.  
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AFPM machines are categorised as disc type electrical 
machines because the rotor is present in a form of disc and the 
flux path is travel axially. This makes the machine package 
compact because the stator and rotor arrangements are side-
by-side. Even with less complex design topology, the internal 
temperature needs to be predicted during the design stage in 
order to avoid overheating. In general, energy conversion from 
electricity to mechanical motion produces losses that are 
manifested as heat. The operating temperature of an electrical 
machine can be controlled by balancing between the heat 
generated and the heat removal rate. Controlling the 
machine’s operating temperature is crucial, as this will 
determine its continuous power output, machine reliability 
and also to avoid any catastrophic failure caused by 
degradation [8]–[10]. By doing so, the maximum potential of 
a machine can be achieved, the life-span of the machine can 
be prolonged and operating life can be optimised. As 
described by Fitzgerald et al., the deterioration is a function of 
time and temperature [7]. Therefore, understanding the heat 
generation and cooling method is required to avoid 
deterioration and thus create a reliable machine.  
Extensive research on the electromagnetic analysis of 
AFPM machines has been undertaken, yet limited research 
using Computational Fluid Dynamics (CFD) on the thermal 
aspect has been carried out [11], particularly compared to 
radial flux permanent magnet counterparts. Conventionally, 
Lumped Parameter (LM) networks of one-dimensional [12], 
and two-dimensional [13] approaches have been used in 
predicting the thermal behaviour of AFPM by compiling both 
solid and fluid domains. This method is favourable to AFPM 
machine designers because it gives a fast solution over a broad 
range of machine speeds. However, LP method does not 
include any fluid domain changes related to design variation 
(e.g. inlet/outlet, rotor, magnet arrangement, etc.). Therefore, 
CFD modelling is required to understand the complexity of 
the flow and the thermal behaviour at the expense of higher 
computational cost [14]. Furthermore, CFD can also be used 
to increase the accuracy of a LP thermal model by providing 
the windage losses and the heat transfer coefficients as a 
function of speed for the rotating component in the system 
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[15][16].   
This paper presents CFD analysis of different rotor fan 
blade designs for rotor cooling on AFPM machines 
specifically considering YASA machine topology. This 
secondary cooling method is unique compared to conventional 
rotor cooling because the fan blade is attached directly to the 
machine rotor; hence the rotor provides the air flow and 
dissipates the heat at the same time. The focus of this study 
was to evaluate the fan performance including power 
requirements to spin the rotor (also known as windage losses). 
CFD flow validation was conducted at the initial stage before 
the evaluation begins. Additionally, static temperature was 
added, to provide insight on the heat convection of each fan 
blade design.  The initial work has being presented in [17]. 
II.   THE YOKELESS AND SEGMENTED ARMATURE (YASA) 
MACHINE AND ITS COOLING MECHANISM 
Conventional AFPM machines are comprised of yokes on 
the rotor and stator to support its field system and protect the 
armature of the motor. The YASA machine topology is able 
to improve the performance of AFPM by removing the stator 
yoke and implementing other design changes, as illustrated in 
Fig. 1. The derivation of the YASA topology began with the 
NS Torus-S topology (Fig. 1-a), then evolved by excluding the 
stator yoke as it did not seriously impact the electromagnetic 
behaviour of the system (Fig. 1-b). In Fig. 1-c, the YASA 
topology was formed by the pitch of the teeth is enlarged and 
square windings are used. This new topology  improved  
torque density by 20% and recorded a peak efficiency of  95% 
with 50% less iron in the stator compared to a conventional 
AFPM machine [6]. Nevertheless, the full potential of the 
machine is currently limited by its operating temperature. 
Therefore, optimisation of the thermal design is required to 
improve the motor’s reliability and to further increase its 
performance. 
 
Fig. 1. YASA derivation topology begins with (a) NS Torus-S topology, (b) 
exclude the stator yoke and (c) final design changes [6]. 
The current YASA machine design uses oil as a direct 
stator cooling method to counter the heat generated from iron 
and copper losses. This is accomplished by sealing the stator 
assembly from the rotors and allows coolant oil to pass 
through between the windings. Camilleri et al. [18] have 
investigated this cooling method and mapped the temperature 
profile of the YASA machine pole piece for different coolant 
flow rates. The study on this machine also considered the 
influence of stator coolant flow path geometry [19]. The 
findings provided sufficient thermal management for low and 
medium continuous power applications. 
To boost up the performance of this machine even further, 
a secondary cooling method has been introduced by using a 
rotor cooling technique. This is to allow additional thermal 
management on eddy currents and stray losses of the magnets 
and the rotor.  
III.   AFPM ROTOR COOLING AND FAN BLADE DESIGN 
The initial concept of rotor cooling for the AFPM machine 
was first proposed by Vansompel [4]. The implementation of 
rotor cooling on the current YASA machine topology was 
accomplished by introducing an opening at the centre of the 
rotor and a single outlet on the radial cover. This is adopted 
from the concept of a centrifugal fan, where the air will flow 
from the centre inlet through the system that drives by a fan 
blade and exits through the side outlet. Fig. 2 shows that the 
fan blade component is attached directly to the machine rotor 
of non drive end side. While the machine rotates, the rotor 
with a fan blade will create pressure gradient inside the 
system, thus air flow is developed. This air flow is expected to 
absorb the heat from the rotor (by convection) and disperse it 
to the outlet. As this happens, heat from the magnet will flow 
to the rotor assembly through conductive heat transfer.   
 
Fig. 2. The position of fan blade attached to the rotor allows introduction of 
cool air in the system. 
The rotor cooling approach has not only increased the 
machine reliability but also the YASA machine’s continuous 
power by 43% and the torque by 20% [20][21]. This is 
because, the temperature on the magnets becomes lower and 
more loads can be amplified until the magnets reach its 
maximum allowable temperature. The current performance 
values in [20][21] were achieved by using backward-inclined 
aerofoil blade because the fan blade design meet specific mass 
flow rate and pressure requirements. However, there is limited 
understanding on its contribution towards heat transfer 
aspects. 
For this purpose, three different fan blade designs were 
selected from other engineering applications in order to assess 
the flow characteristic, power requirement (windage losses) 
and thermal characteristic. Fig. 3 shows the selection of fan 
blade designs,  which are: Fig. 3-a, a backward-inclined 
aerofoil blade – from a force-draft blower application [22], 
  
Fig. 3-b, a radial aerofoil blade – from a typical fan 
engineering application [22] and Fig. 3-c, a tear drop pillar 
blade – from an automotive disc brake [23]. The backward-
inclined aerofoil blade and radial aerofoil blade were selected 
as it is known that they provide good air flow as a pump or 
fan. Additionally, it is interesting to see how a tear drop pillar 
blade performs as this is the cooling technique used for heat 
removal in brake disc.  
 
Fig. 3. The fan blade design selection with (a) backward-inclined aerofoil 
blade [20], (b) radial aerofoil blade [20] and (c) tear drop pillar blade [21]. 
For rotor cooling applications, the operation of a backward-
inclined aerofoil blade is limited to an unidirectional machine, 
while the radial aerofoil blade and the tear drop pillar blade 
can be used in a machine with a bi-directional application. In 
this study, unidirectional operational was considered because 
current machine design is specific for automotive traction 
application with medium rotational speed in the intended 
directionand slow speed in the reverse.  
IV.   EXPERIMENTAL RIG  
The flow measurement was carried out on a 160kW YASA 
machine that is in production by YASA Motors Ltd. The 
dimensions of the rotor inner and outer diameter are 77.0mm 
and 252.7mm respectively. The clearences in the system by 
gap ratio, s/R are: magnet-to-stator 0.00396, rotor-to-stator 
0.02453 and rotor-to-cover 0.00594, where s is the gap 
distance and R is the outer diameter. There was a trigger disc 
mounted on the rotor vanes axial surface to measure the 
rotational speed of the rotor and this disc also acted as a seal 
to avoid air spillage during operation. 
For validation purposes, this machine was set to run 
without a load in order to assess the mass flow rate generated 
by the backward-inclined aerofoil blade that was attached to 
the disc rotor. The machine was equipped with a dual 
PMF4104V mass flow sensor at the inlet opening of the 
machine cover, as shown in Fig. 4. These mass flow sensors 
are equiped with temperature compensation for accuracy 
which allows independence from the inlet air temperature 
gradient.  
The mass flow rate was recorded from 1000rpm to 
3500rpm for every 500rpm of rotational speed. This is 
equivalent to a rotational Reynolds number (Re) of 1.07e5 to 
3.73e5 at the outer edge of the rotor disk. This speed range 
was selected based on the limitation of the mass flow sensor 
(limited to 600litres/min), while the nominal speed of the 
machine is 2100rpm. The speed was held until the system 
reached a steady state condition for mass flow rate 
measurement and in between of 100rpm test points, the speed 
was ramped at 10rpm/s.  
 
Fig. 4. The experimental rig with mass flow sensor at the inlet.  
V.   CFD MODEL 
The complex 3D CAD design was simplified by removing 
features that are irrelevant to fluid flow and known to have 
limited or zero contribution to the flow and thermal aspects. 
The major CAD simplification was done using SolidWorks 
2014 and the fluid volume was extracted. The 3D model was 
then imported into STAR-CCM+ v9.04 for further design 
simplification and merging the solid parts as a single solid 
domain. This includes the magnets circular array, the rotor fan 
blade and the trigger disc. In addition, the fluid domain was 
split into two parts to differentiate between static and 
rotational fluid domains. The static fluid domain (blue and 
grey colour in Fig. 5) represented the region of the cover, inlet 
and outlet duct, while the rotational fluid domain (red colour 
in Fig. 5) represented the region near to the rotor.  
A complete domain of the non drive end was modelled due 
to the non-symmetrical design of the inlet and outlet positions. 
The final CFD model included the stator wall, the rotor 
assembly, the outlet extrusion and the inlet duct with dual 
mass flow sensors (Fig. 5). The contact interface between the 
Solid-Fluid regions and the Fluid-Fluid regions was created by 
imprinting the mating face to allow conformal mesh between 
the regions.   
 
Fig. 5. CFD model including fluid domain (blue), rotational fluid domain 
(red), rotor & ducting (grey)  
Using the automated mesh generation in STAR-CCM+, an 
unstructured volume mesh (polyhedral cells) was used to 
discretise the solid and fluid domain. The prism layer was set 
based on the calculated dimensionless wall distance [24] of 
(1)-(2) with a local Reynolds number of 3.73e5 (3).  
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where y+ is the dimensionless wall distance, y is the first cell 
distance to the wall, uτ  is the friction velocity near to the wall, 
v is the kinematic viscosity of air, ρ is the air density and the 
wall shear stress τw is related to the skin friction, Cf in relation 
to u, the velocity component as follows: 
2/2u
w
f
C

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                                   (2) 
The local Reynolds number is calculated by the rotor 
angular speed ω, the rotor outer radius R and kinematic 
viscosity of air v at 26.85ºC of ambient temperature. 
v
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 A low y+ approach was used to resolve the near wall fluid 
region, specifically at the tight clearance area of the magnet-
to-stator and the rotor-to-cover with a target y+  1.  
The average mesh count of 13million cells was produced 
for each one of the three fan blade designs. Fig. 6 presents the 
computational mesh of fluid domains for the backward-
inclined aerofoil blade. A conformal mesh can be seen 
between the rotational and the static fluid domain.  A prism 
layer of 1.5mm total thickness was created at all surrounding 
walls in order to solve the boundary layer. Due to the 
computational power limitation, the cell size for the tight gap 
between the magnet-stator and the trigger disc-cover could not 
be improved further. A grid independence study was 
conducted and the current mesh setup selection was sufficient 
without losing integrity of the results.  
Both fluid domains were set as a single physical model of 
the air. The air was assumed to have a constant density. This 
assumption was compared to the equation of state for an ideal 
gas and the results showed insignificant difference but solved 
in a longer simulation time compared to when constant density 
is selected. To draw air naturally by the fan rotation, the inlet 
was set as a stagnation inlet with 26.85ºC air temperature. 
Other boundary conditions such as the pressure outlet, the 
static wall on the external walls and the rotational wall on the 
rotor walls are given in Table I. The heat input was applied at 
the rotor as a static temperature of 80°C.This was equivalent 
to the maximum allowable rotor temperature set by the 
machine manufacturer at full load operation.  
A Moving Reference Frame (MRF) approach was applied 
to the rotational region to mimic the rotational implicitly. This 
approach allowed the prediction of the rotational flow in the 
steady state condition and a faster solution compared to a 
transient simulation [25]. The rotational speed for validation 
was varied, similarly to the experiment with a backward-
inclined aerofoil blade attached.  
Three selections of turbulence models, namely SST (shear-
stress transport) k-omega [26], Realizable k-epsilon [27] and 
v2-f model [28]–[31] were compared during the validation. 
Additionally, SST k-omega with transition model (Gamma 
ReTheta) [32]–[34] was added in the validation process to find 
out if there is a potential improvement in the prediction. Table 
II below shows all the coefficients corresponding to the 
turbulence models selected. Further, the SST k-omega 
turbulence model was then chosen for the comparison of the 
three fan blade designs.  
 
Fig. 6. Computational mesh of fluid domains for backward-inclined aerofoil 
blade at front cross section (top) and side cross section (bottom).  
TABLE I 
BOUNDARY CONDITIONS USED FOR ALL SIMULATIONS 
 
Boundary Conditions 
Inlet Stagnation inlet, ptotal = 0 Pa, T = 300 K 
Outlet pstatic = 0 Pa 
Stator Wall  Adiabatic no-slip condition wall 
Rotor Walls 
No-slip condition rotating wall, T = 
353.15 K 
Cover Wall Adiabatic no-slip condition wall 
Inlet and Outlet Duct Adiabatic no-slip condition wall 
 
TABLE II 
LIST OF COEFFICIENT FOR ALL SELECTED TURBULENCE MODELS 
 
SST Realizable k-epsilon 
Coefficient Setup Coefficient Setup 
Realizability 
Option 
Durbin Scale 
Limiter 
Two-Layer 
Type 
Shear Driver 
(Wolfstein) 
Convection 2nd order Convection 2nd order 
𝜅 0.41 𝐶𝜇 0.09 
𝛽∗ 0.09 𝐶𝜖1 1.44 
𝛽1 0.075 𝐶𝜖2 1.9 
𝜎𝑘1 0.85 CT 1 
𝜎𝜔1 0.5 𝜎𝑘 1 
𝛽2 0.0828 𝜎𝜖 1.2 
Realizability 
Coefficient 
0.6 
Two-Layer 
ReY* 
60 
  
𝜎𝑘2 1 
Two-Layer 
Delta ReY 
10 
𝜎𝜔2 0.856   
𝑎1 0.31   
Ζ
∗
 1.5   
 
V2f Gamma ReTheta 
Coefficient Setup Coefficient Setup 
Realizability 
Option 
Durbin Scale 
Limiter 
Convection 2nd order 
Convection 2nd order 𝜎𝑓 1 
𝐶𝜇 0.09 𝐶𝑎2 0.06 
𝐶𝜖1 1.4 𝐶𝑒2 50 
𝐶𝜖1 1.9 𝜎𝑅𝑒𝜃  
2 
CT 6 𝐶𝑎1 2 
𝜎𝑘 1 𝐶𝑒1 1 
𝜎𝑒 1.3 𝐶𝜃𝑡  
0.03 
𝑎 0.045 𝑆1 2 
𝐶1 1.4 𝑅𝑒𝜃𝑇 20 
𝐶𝜖2 0.3   
𝐶𝐿 0.23   
𝐶𝜇𝑣2  0.22   
𝐶𝜂 70   
VI.   EXPERIMENTAL RESULTS AND CFD VALIDATION 
The complete assembly of this machine also has a mesh-
filter at the outlet to restrain any contaminant from entering 
the system. As a result, this filter also restrains the flow and 
creates an additional pressure drop. In this study, the mesh 
filter was also included during the experiment to evaluate its 
restrictiveness.  
Fig. 7 shows a comparison of CFD results over measured 
mass flow rates for the ‘with’ and the ‘without’ mesh-filter 
cases on the outlet. All turbulence models are under-predicting 
the experimental measurements with insignificant differences 
between them. However, the CFD models manage to produce 
a result that shows the same trend over the measurements 
although the CFD modelling did not include the mesh-filter or 
any porous region to simulate the pressure drop produced by 
the filter. 
Similar results were obtained by SST k-omega and 
Realizable k-epsilon, while the v2-f model prediction was 
close to the measurement with mesh-filter on the outlet. 
Interestingly, SST k-omega with Gamma ReTheta was not 
able to produce better results above 2000rpm. Perhaps this is 
due to the initial assumption of the wall distance term (1.5mm 
based on the maximum prism layer thickness) for free-stream 
edges definition. Further investigation is required in order to 
fully utilise this transition model capability, such as the 
calibration performed by Malan et al. [36].  
It can be observed that the percentage error of all the 
turbulence models reduced at higher rotational speeds as the 
flow changed to fully developed turbulent flow. Table III 
presents an equivalent speed of this machine for transitional 
flow regime based on the work of Gregory et al. for a generic 
rotor-stator study [35]. The pattern of mass flow given by CFD 
started to change after 2500rpm, because of the flow change 
from transitional to fully developed turbulent flow.  
TABLE III 
FLOW REGIME GIVEN BY GREGORY ET AL. [35] WITH ITS EQUIVALENT SPEED  
 
Flow regime Re Equivalent speed 
Transitional flow 1.8e5 < Re < 2.1e5 1690rpm < n < 1970rpm 
Fully developed 
turbulent flow 
Re >3e5 n >2810rpm 
 
 
Fig. 7. Comparison CFD and experimental result of (circle) flow without 
mesh-filter on the outlet, (diamond) with mesh-filter on the outlet.  
VII.   RESULTS AND DISCUSSION  
The SST k-omega turbulence model was chosen to assess 
the different performance of all fan blade designs. This 
decision was made due to the insignificant difference of the 
turbulence model results as shown by the CFD validation (Fig. 
7). Although the v2-f model is the closest to the experimental 
data, the model took a longer time to solve because of the 
nonlinear relationship used to express the eddy viscosity.  
A.   Flow Characteristic 
The flow characteristic is important for rotor cooling 
because it shows how much air can be driven into the system 
to cool the rotor. This can be evaluated by extracting the mass 
flow rate of each blade design generated. Additionally, 
pressure development is needed to estimate the capability of 
suction or blowing if external ducting is required such as inlet 
ducting, outlet ducting or filters.  
The mass flow rate and pressure rise for the three fan blades 
are presented in Fig. 8. The radial blade design provides the 
highest mass flow and pressure development compared to the 
other designs. The mass flow rate (Fig. 8-a) steadily increases, 
while the pressure development (Fig. 8-b) sharply rises as the 
rotational speed increases. On the other hand, the pillar type 
and the backward-inclined results show similar characteristics 
for driving the mass flow and pressure development with the 
same relative difference across the speed range.   
  
 
 
Fig. 8. a) Mass flow rate and b) pressure development of each fan design. 
B.   Windage Losses 
In electrical machines, the fan power requirement to spin 
the rotor at constant speed is equal to the windage losses. This 
means that the net windage losses are sum of the power 
requirement due to the fan trying to develop a pressure and the 
rotor assembly shearing the air. In Fig. 9 it can be observed 
that the pillar type required the highest power from the 
machine to spin and gives the highest windage losses, 
followed by the radial and the backward-inclined design.  
 
Fig. 9. Windage losses of each fan design. 
To further analyse this characteristic, the pressure 
development of Fig. 8-b and the windage losses of Fig. 9 were 
normalised to the mass flow rate (Fig. 8-a). Thus, Fig. 10 was 
introduced in order to compare the fan performance for each 
individual fan blade design. 
In Fig. 10-a, the backward-inclined type provides a fair 
amount of pressure development across the production of 
mass flow rate with reasonable amount of windage losses. The 
fan curve of the radial blade in Fig. 10-b increases sharply and 
is closely followed by its power curve or windage losses. 
However in Fig. 10-c, although the pillar type blade design is 
able to provide a higher amount of mass flow compared to the 
backward-inclined, this rotor design provides a significant 
amount of windage loss that increase drastically with 
increasing mass flow rate. 
C.   Thermal Characteristic  
The contour plot of air temperature, Fig.11, was recorded 
at Z +3mm above the front heated rotor surface for 3500rpm 
with the range between 26.85°C to 80°C. In Fig. 11-a, a hot air 
patch at 80°C can be observed on the backward-inclined lower 
aerofoil surface near to its trailing edge. This hot air then flows 
to the radial space of the machine while slightly reducing its 
temperature before going to the outlet. The average air 
temperature at the outlet of the backward-inclined blade in 
 
Fig. 10. Fan curve and power curve of (a) backward-inclined aerofoil blade, (b) radial aerofoil blade and (c) tear drop pillar blade. 
 
  
Fig. 12 displays the highest outlet temperature compared to 
the other design across the speed range. 
Similarly, the radial blade design has multiple hot spots but 
is smaller compared to the backward-inclined blade design as 
shown in Fig. 11-b. However, the hot air stays at the 
downwind region instead of flowing towards the machine 
radial space. This stagnation hot spot is present because there 
is flow circulation at the downwind of the radial blades. As a 
result, the average air outlet temperature of the radial blade 
design (Fig. 12) was the lowest in drawing the temperature 
out. It is also observed that the radial blade design almost 
reaches its thermal steady state at 1500rpm.  
On the other hand, no hot spot is present on the air 
temperature contour plot of the pillar type (Fig. 11-c). 
Nevertheless it shows a fair temperature gradient that collects 
at the radial space of the machine compared to the radial blade 
design. The average air outlet temperature of pillar type (Fig. 
12) is marked between the two others fan blade designs with 
increasing value as the speed increases.  
 
Fig. 12. Average air outlet temperature of each fan design. 
 
Furthermore, the capability of each fan design in 
dissipating the rotor temperature can be analysed by plotting 
the average air temperature within the rotating region, as 
presented in Fig. 13. The hot air patch of the backward-
inclined and the radial blade (Fig. 11) proves that both designs 
have high average temperatures within the system. However, 
for the radial blade, this hot air remains within the system as 
discussed before due to the flow circulation at the downwind 
region of the blade which made the average air outlet 
temperature (Fig. 12) of this design the lowest.  
Based on these factors, the thermal characteristic of each 
fan design can be evaluated by examining the average heat 
transfer coefficient. The average heat transfer coefficient in 
Fig. 14 is calculated by (4) where the heat flux of the rotor and 
magnet walls are divided by the temperature difference 
between the rotor and the system average temperature of Fig. 
13.  
 
Fig. 13. Average air temperature within the rotating region. 
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Where hc is the heat transfer coefficient, q” is the heat flux, 
T is the temperature different, m is the mass flow rate, Cp 
is the specific heat capacity of air and A is the rotor heated 
area.  
Fig. 14 shows that the backward-inclined blade design 
provides high average heat transfer coefficient that almost 
matches with the radial blade. Although this design provide 
the lowest mass flow rate, it has the most capability in 
dissipating the rotor temperature Conversely, better 
production of mass flow rate of radial blade provides high heat 
transfer coefficient even with the lowest average air 
temperature flow through the outlet. Finally, the pillar type has 
the lowest quantity of the heat transfer coefficient, because it 
has average mass flow rate and the least value of average air 
temperature within the system.  
The results presented in this section can be used in the LP 
thermal model, specifically the heat transfer coefficients for 
the individual components and the windage losses of the 
rotating parts in the system. This will increase the accuracy of 
the LP thermal model because these values correspond to the 
geometrical characteristic that is not included when solving 
the 1D or 2D analytical model. Optionally, a designer can also 
input the average heat transfer coefficient versus speed as an 
equation as given in Table IV. 
 
 
Fig. 11. Air temperature contour at z +3mm from the front heated rotor surface of (a) backward-inclined airfoil blade, (b) radial airfoil blade and (c) tear drop 
pillar blade. 
  
 
Fig. 14. Average heat transfer coefficient of each fan design. 
 
TABLE IV 
BOUNDARY CONDITIONS USED FOR ALL SIMULATIONS 
 
Blade Design Regression 
Backward-Inclined y = -3E-09x3 + 2E-05x2 + 0.0074x + 39.894 
Radial y = -3E-09x3 + 2E-05x2 + 0.0079x + 48.643  
Pillar Type  y = -4E-09x3 + 3E-05x2 - 0.0164x + 41.821  
 
D.   Rotor Cooling Performance Index (RCPI)  
The authors would like to propose an index to differentiate 
the performance of each fan blade design for AFPM rotor 
cooling application. The Rotor Cooling Performance Index 
(RCPI) will benefit when comparative analysis of fan blade 
design is required. The assessment can be done by 
experimental or CFD analysis and provides the data needed to 
calculate the convective heat transfer, q, and the windage 
losses, W. These two values then are divided to produce the 
RCPI number as shown in equation (5). 
W
q
sesWindageLos
HTConvective
RCPI        (5) 
The value produced is dimensionless because both 
parameters’ units are in Watt. A user can implement this index 
either for a specific intended rotational speed or across a broad 
range of speeds. For example, at 2000rpm, the RCPI of the 
backward-inclined blade is 61.03 compared to 49.02 for the 
radial blade and 29.47 for the pillar type. These values indicate 
that at 2000rpm, the backward-inclined blade outperforms the 
radial blade and the pillar type by a factor of 1.25 and 2.07 
respectively. In other terms, the higher the RCPI number, the 
better cooling capability that a fan design produces.  
 In this study, the RCPI of all selected blade designs can 
be plotted across a range of speed as shown in Fig. 15. All 
blade designs show that higher cooling performance was 
achieved at lower speed and the performance declines when 
the rotational speed increases. This happens because at higher 
rotational speed, the windage losses start to dominate (Fig. 9) 
and at the same time the capability of the air to absorb the heat 
from the system (Fig. 13) is stabilised. 
 
Fig. 15. Rotor Cooling Performance Index (RCPI) curves for this study.  
VIII.   CONCLUSION 
A comparative study of different fan blade designs for rotor 
cooling of axial flux permanent magnet machines by CFD has 
been presented. Firstly, the mass flow rate from CFD and 
experimental measurements with the three turbulence models 
selected were validated. It was found that the CFD modelling 
of the mass flow rate was under-predicted and insignificantly 
different given by all the three tested turbulence models. 
Further validation on the thermal analysis is required in order 
to conclude regarding the capability of CFD modelling for 
predicting the heat transfer for this specific study.  
The study of the characteristics of three fan blade designs 
has shown that each design has its own merit. Firstly, the 
backward-inclined design gives a fair amount of flow 
characteristics and windage losses. The radial design offers 
the highest flow characteristics with a cost of high windage 
losses. Finally, the pillar type needs high power requirements 
to provide good flow characteristics. The simulation results 
with the same static rotor temperature have been presented to 
investigate the thermal characteristics of these fan blade 
designs.  
Additionally, the Rotor Cooling Performance Index (RCPI) 
is introduced to assess the cooling performance of each fan 
blade design. This is done by dividing the cooling capability 
over the power requirement to spin the rotor. Here, although 
the backward-inclined provides the best performance, this 
design is limited for an unidirectional application. 
Both flow and thermal characteristics studied in this paper 
could be an input to a lumped parameter thermal model in 
order to achieve accurate thermal predictions for AFPM 
machines. 
In the future, this study will be extended by using fixed loss 
densities to simulate the temperature distribution in solid 
domains. Further study is also required to investigate the full 
capability of rotor cooling techniques for a AFPM machine. 
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